The localisation of phosphate-starvation-induced phosphodiesterase PhoD from Bacillus subtilis was studied by analysing processing, release and immunogold labelling of the sections. Although the processing of the pre-protein was extremely slow, the major fraction of PhoD could be detected at the surface of the cell wall. The results indicate that inefficient processing of the translocated pre-protein keeps PhoD in a cell wall-associated location. The uncleaved signal peptide might function as a membrane anchor. ß
Introduction
Bacillus subtilis and related Bacillus species have a high capacity to secrete proteins into the growth medium [1] . Therefore, these bacterial species are very attractive hosts for the industrial production of protein [2, 3] . However, the secretion of proteins by bacilli is often severely hampered by bottlenecks in the secretion pathway. Besides poor targeting to the translocase, degradation of the secretory proteins and the ine¤cient release of these proteins from the cell are drawbacks for the use of this bacterium. Certain native secretory proteins, such as K-amylase or staphylokinase, pass apparently unimpeded through the matrix of the cell wall [4, 5] , while others, such as the autolysins, interact so strongly with the wall that they are not usually found free in the culture supernatant. A more detailed understanding of structural features of proteins that a¡ect their localisation will help to improve Bacillus species as a host for the production of heterologous proteins.
When growth of B. subtilis becomes limited by the availability of inorganic phosphate, a group of genes/ operons, collectively referred to as the Pho regulon, are induced. The products of these phosphate-starvation-induced genes are involved in phosphate uptake [6] , phosphate conservation [7] and the utilisation of alternative phosphate-containing substrates. For mineralisation of phosphate immobilised in the cell wall polymer teichoic acid, alkaline phosphatases PhoA and PhoB and phosphodiesterase PhoD are induced via the two-component PhoP and PhoR sig-nal transduction system [8^10] . Therefore, the activities of these enzyme are often cell-associated [11^13] . The phoD gene, encoding an enzyme with alkaline phosphatase and phosphodiesterase activities, speci¢es a pre-protein with a calculated molecular mass of 62.7 kDa. N-terminal sequencing of the released protein (molecular mass 56.6 kDa) indicated that a signal peptide of 56 amino acids is cleaved before secretion [10] . In Gram-positive bacteria most of the signal peptides required for the targeting of the preprotein to the membrane and the initiation across the membrane [14^17] are usually 18^35 amino acids in length, but share a typical tripartite structure. While the hydrophobic core (the H-domain) and the cleavage site for signal peptidase (C-domain) of PhoD follow the typical rules of signal peptides of Gram-positive bacteria, its N-domain is extended to about 30 amino acids (usually 2^8 residues long).
To study the translocation and localisation of PhoD in more detail, the kinetics of processing and release of the PhoD were analysed. PrePhoD was processed slowly and released ine¤ciently from the cell. Immunogold labelling of PhoD revealed that most of the protein was localised at the surface of the cell. Based on these data, we suggest that PhoD is localised at its target site, the cell wall, by e¤cient translocation but ine¤cient processing.
Materials and methods

Bacterial strains
Escherichia coli M15(pREP4) [18] was used for production of PhoD. Localisation of PhoD was determined in B. subtilis strains 168 (trpC2 [19] ) and MH5444 (pheA1, trpC2, phoD6pSE4 [10] ).
Cultivation of bacteria
Bacterial strains were cultivated in TY medium (1% Bacto tryptone, 5% yeast extract and 1% NaCl). To induce PhoD synthesis, B. subtilis cultures were grown in modi¢ed low-phosphate (LPDM) de¢ned medium [20] . Induction of the phosphate starvation response was monitored by determining alkaline phosphatase activity as described previously [20] . When required, ampicillin (80 Wg ml 31 ), kanamycin (20 Wg ml 31 ) or chloramphenicol (5 Wl ml 31 ) was added to the medium.
Biochemicals
Oligonucleotides were synthesised using a Beckman Oligo 1000. The following oligonucleotides were used: (i) upstream primer, P1 5P-GAGGGGA-TCCGGAATGGCATACGACAGTCGTTTTGAT-GAATGGG-3P, containing the start codon of phoD (bold), and incorporating a BamHI restriction site (underlined) and (ii) downstream primer P2, 5P-CGATCCTGCAGGACCTCATCGGATTGCTTC-ACCCCGCC-3P, containing the stop codon of phoD (bold) and incorporating a PstI restriction site (underlined). Isopropyl-L-D-thio-galactoside (IPTG) was obtained from Serva. p-Nitrophenol phosphate (pNPP), bis-p-nitrophenol phosphate (bis-pNPP) and hydroxylamine were from Sigma. Restriction endonucleases and other enzymes were from AGS (Heidelberg, Germany). For DNA ampli¢cation a VENT Taq polymerase with proof-reading activity (New England Biolabs, Inc.) was used. Anti-rabbit IgG-gold was prepared by adsorption of swine antirabbit IgG (Seravac, Prague) to colloidal gold with a mean particle size of 16 nm [21] in borate bu¡er as described [22] .
Production and puri¢cation of hexa-histidine-tagged PhoD
To provide PhoD with an amino-terminal hexahistidine tag, the phoD gene was ampli¢ed by PCR from chromosomal DNA of B. subtilis 168 using primers P1 and P2. The product was digested with BamHI and PstI and cloned into pQE9 (Qiagen, Hilden, Germany). The resulting plasmid, pQEphoD, was selected in E. coli M15(pREP4), where phoD was under the control of the IPTG-inducible promoter. His 6 -tagged PhoD was puri¢ed from IPTG-induced E. coli M15(pREP4, pQE9phoD) as an abundant protein with a molecular mass of 66 kDa, and puri¢ed by Ni 2 -nitrilotriacetic agarose (NTA) a¤nity chromatography. Puri¢cation was carried out under denaturing conditions, according to the manufacturer's instructions (Qiagen, Hilden, Germany). Procedures for DNA puri¢cation, restriction endonuclease digestion, ligation, transformation of E. coli and agarose gel electrophoresis were carried out as described by Sambrook et al. [23] .
Preparation and puri¢cation of antibodies against PhoD
Puri¢ed His 6 -PhoD emulsi¢ed in MPL+TDM+ CWS adjuvant (Sigma catalogue no. M6661) at 100 Wg ml 31 was used to immunise New Zealand White rabbits (Charles River, Germany). To monitor unspeci¢c cross-reaction to PhoD, preimmune sera were taken prior to immunisation. For immunoprecipitation experiments, His 6 -PhoD-speci¢c antibodies were a¤nity-puri¢ed from the sera by adsorption to and elution (with 0.1 M glycine at pH 2.5) from nitrocellulose membrane onto which the antigen had been blotted following sodium dodecyl sulfate-polyacrylamide gel (10%) electrophoresis (SDS-PAGE). After neutralisation with 1 M Tris base, the antibodies were precipitated with (NH 4 ) 2 SO 4 at 30% saturation.
For immunogold labelling, PhoD antiserum was a¤nity-puri¢ed. Soluble cellular proteins of E. coli TG1 and B. subtilis MH5444, obtained by ultrasonic disruption of lysozyme-treated bacteria followed by ultracentrifugation, were covalently linked to CNBractivated Sepharose (Pharmacia, Sweden) according to the instructions of the manufacturer. As shown by Western blotting, antiserum passed twice through the column with cellular proteins reacted speci¢cally with PhoD.
Protein labelling of B. subtilis, immunoprecipitation of PhoD
Pulse-chase protein labelling experiments were performed as described by van Dijl et al. [24] . B. subtilis strains were grown to phosphate starvation as monitored by induction of alkaline phosphatases. Cultures were pulse-labelled for 1 min with 100 WCi [ 35 S]methionine, followed by a chase with excess (25 mg ml 31 ) of non-radioactive methionine. Samples for analysis of processing were taken at the times indicated, precipitated with ice-cold trichloroacetic acid and further processed as described. To collect proteins released into the growth medium, samples were ¢ltered through syringe ¢lters (pore size 0.45 Wm, PVDF membrane, Millex-HV13, Sigma) directly into ice-cold trichloroacetic acid (¢nal concentration 10%).
Immunoprecipitation of PhoD from cell extracts and culture supernatants was carried out using monospeci¢c antibodies as described [24] and resuspended in sample bu¡er for SDS-PAGE. SDS-PAGE was carried out according to Laemmli [25] . 14 C-methylated proteins (Amersham International, Amersham, UK) were used as molecular size markers. Relative amounts of radioactivity were estimated using a PhosphoImager (Fuji) and associated image analytical software.
Western immunoblot analysis
Proteins obtained from cell lysates and culture supernatant were suspended in sample bu¡er, prepared by boiling (5 min) and subjected to SDS-PAGE [25] . Separated proteins were transferred to nitrocellulose membrane (Schleicher and Schu «ll) as described by Towbin et al. [26] . Proteins were detected with monospeci¢c antibodies against PhoD and alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma) according to the manufacturer's instructions.
Postembedding labelling of B. subtilis
B. subtilis cells were grown to phosphate starvation, treated with sodium acid (¢nal concentration 0.1%) and PMSF (¢nal concentration 0.1 mM), harvested by centrifugation (3000Ug, 10 min) and washed twice with phosphate-bu¡ered saline (PBS). Cells were embedded in 2% agar and ¢xed in a mixture of 0.5% formaldehyde (freshly prepared from paraformaldehyde) and 0.05% glutaraldehyde in 0.1 M cacodylate bu¡er, pH 7.2, containing 0.2% NaCl and 0.02% MgCl 2 . The samples were then treated with 0.05 M NH 4 Cl in cacodylate bu¡er for 15 min and washed with the same bu¡er. Dehydration with graded ethanol (30, 50, 70, 90% and twice with 100%) at stepwise lowered temperature down to 320³C and in¢ltration with Lowicryl K4M (Chemische Werke Lowi, Waldkraiburg, Germany) were performed as described previously [27, 28] . The resin was polymerised with UV light using the LKB Polylite 2114 equipment at a distance of 40 cm. During polymerisation the gelatin capsules were dipped into an ethanol bath cooled to 335³C [29] .
Ultrathin sections of Lowicryl-embedded cells were mounted on nickel grids with carbon-coated Formvar ¢lms and were prewashed for 20 min each in 0.1 M Tris-HCl bu¡er, pH 8.3, containing 0.1 M lysine, 2% gelatin and 0.25% bovine serum albumin. The puri¢ed PhoD antiserum was applied in various dilutions (1:5 to 1:50) at room temperature (RT) for 1 h or at 4³C overnight. After 10 washes with bu¡er, the sections were incubated with anti-rabbit IgGgold (diluted 1:50 in bu¡er) for 1 h. After ¢ve washes each in bu¡er and in double-distilled water, the sections were post-stained with 2% uranyl acetate in methanol followed by staining with lead acetate. Control experiments were performed by staining sections under similar conditions by using preimmune serum or omitting the PhoD antiserum.
Immunogold replica labelling of B. subtilis
Phosphate-starved B. subtilis cells were harvested as described in Section 2.7, incubated with puri¢ed PhoD antiserum for 1 h at RT, followed by washes with PBS, centrifugation, incubation with anti-rabbit IgG-gold and washing, and then spread on small pieces of cleaned glass. After drying the bacteria were ¢xed with 2.5% glutaraldehyde in 0.1 M cacodylate bu¡er, pH 7.2, for 30 min. The cells were dehydrated in graded acetone (30, 50, 70, 90% and twice 100%) and were dried at the critical point in CO 2 (31³C, 78U10 5 Pa). Replicas were prepared as described [30] .
Electron microscopy
Ultrathin sections and replicas were examined by transmission electron microscopy using a Siemens Elmiscope 1 at an acceleration voltage of 80 kV.
Results
Puri¢cation of polyclonal PhoD antiserum
In order to obtain monospeci¢c antibodies against PhoD, antiserum was puri¢ed as described and analysed via immunoprecipitation of PhoD from 35 S-labelled cell extracts of B. subtilis. Cultures of strains 168 and MH5444 were grown to phosphate starvation and pulse-labelled for 1 min with [ 35 S]methionine. Cells were lysed and cleared cell extracts were treated with monospeci¢c PhoD antibodies. From B. subtilis 168 a protein with a molecular mass of about 66 kDa was precipitated. No protein was immunoprecipitated from the phoD strain MH5444 (Fig. 1) . 
Processing and release of PhoD
In order to answer the question if the protein immunoprecipitated from pulse-labelled cells represented prePhoD, proteins localised in the culture supernatant and associated with the cell were separated from a culture of B. subtilis 168 grown to phosphate starvation and PhoD was detected by immunoblotting (Fig. 2) . While the majority of cell-bound PhoD showed the expected molecular mass of the pre-protein (66 kDa), the culture supernatant contained a protein band with a molecular mass of about 50 kDa (Fig. 2) . According to Eder et al. [10] this protein represents mature PhoD protein.
Since the majority of PhoD remained cell-associated in its unprocessed form (Fig. 2) , the kinetics of processing and release of PhoD were analysed in strain 168 grown to phosphate starvation. Cells were pulse-labelled, chased and samples were taken at the times indicated. PhoD was puri¢ed from trichloroacetic acid-precipitated total cell protein and from the culture medium using immunoprecipitation (Fig. 3A) . Up to 10 min post chase, the major fraction of the labelled immunoprecipitated protein was found as a 66-kDa protein, con¢rming that prePhoD was ine¤ciently processed. While almost no protein could be detected at the size expected for the mature protein, smaller polypeptides with molecular masses of 47 and 45 kDa appeared during prolonged chase periods. Analysis of the release of PhoD revealed that these proteins were localised in the supernatant (Fig. 3B ). Since these peptides were immunoprecipitated with monospeci¢c PhoD antibodies, it is likely that these peptides are breakdown products of PhoD. Only after 10 min post chase time was a minor fraction of PhoD identi¢ed with the molecular size of the mature protein.
The peptide bands of the released PhoD were quanti¢ed in relation to total synthesised PhoD (Fig.  4) . While only about 1% of mature PhoD could be detected in the supernatant, breakdown products comprised about 10% of total PhoD 10 min after the chase. Taken together, these data suggest that breakdown of PhoD was faster than the release of mature PhoD under the conditions tested.
Localisation of PhoD by postembedding labelling
Since most of the PhoD protein remained cellbound, localisation of PhoD in its subcellular localisation was further studied by immunogold electron microscopy. B. subtilis 168 and MH5444 were grown to phosphate starvation and immunogold localisa- tion of PhoD was carried out as described in Section 2. Ultrathin sections of B. subtilis 168 cells revealed a distinct labelling in the cytoplasm and at the cell envelope (Fig. 5) . Since no gold particles could be detected when PhoD antiserum was omitted or preimmune serum was used (data not shown), labelling was speci¢c for PhoD. The gold particles were not randomly distributed over the surface. Interestingly, the predominantly envelope-bound gold particles could be localised at the outer surface of the cell wall. In the cytoplasm PhoD was mainly located around the nucleoid region, presumably due to nascent PhoD peptides linked to polysomes. Only a minority of gold particles were found to be randomly distributed in the cytoplasm (Fig. 5A,C) . In addition, PhoD was found in the septum and even the preseptum just being formed (Fig. 5B,C, arrows) , indicating that translocation of the protein occurred already into the intercellular space. As a control cells of the B. subtilis phoD strain MH5444 were immunogoldlabelled under identical conditions. Almost no PhoD could be detected in these cells (Fig. 5D ).
Localisation of PhoD on the cell surface by the immunogold replica technique
The localisation of PhoD on the envelope was monitored by immunogold replicas. Replicas from cells of strain 168 showed the presence of PhoD at the surface of the cells (Fig. 6A) . In contrast, cells of strain MH5444 remained unlabelled (Fig. 6B ).
Discussion
According to previously obtained results, the Bacillus cell is apparently able to localise proteins according to their ¢nal destination. While degradative enzymes like amylases and proteases are rapidly released from the cell, other proteins remain cell wallassociated. In this article we studied the localisation of PhoD by analysing its processing and release and by immunogold labelling. While the majority of the protein remained cell-associated at the outer side of the cell wall, processing of the protein was highly ine¤cient. The results indicate that PhoD is rapidly translocated through the membrane but remains cellassociated as a result of subsequent slow processing of its precursor. The uncleaved signal peptide might function as a membrane anchor.
For immunisation, PhoD was puri¢ed from E. coli overproducing His 6 -prePhoD. No processing of His 6 -prePhoD could be detected in E. coli (data not shown). Interestingly, using bis-pNPP, the substrate used to detect phosphodiesterase activity, it could be demonstrated that the PhoD precursor was enzymatically active (data now shown).
Similar to E. coli, processing of prePhoD was very ine¤cient in B. subtilis. While the half-life of the preproteins expressed in B. subtilis is usually less than 1 min [4,31^34] , almost no processing of prePhoD could be detected using immunoprecipitation of pulse-labelled cells. Immunoblotting revealed that some PhoD is processed and secreted into the culture medium con¢rming the secretory nature of PhoD. Using N-terminal sequencing Eder et al. [10] showed that the released PhoD with an apparent molecular mass of 50 kDa represents the processed protein.
Since the processing site of PhoD follows the typical rules of signal peptidase cleavage sites, we currently speculate that ine¤cient processing is due to the atypical extended N-region of the PhoD signal peptide. While in the Western blot the major band was formed by a 50-kDa peptide, the peptides obtained by immunoprecipitation of pulse-labelled cells were predominantly formed by smaller degradation products. This discrepancy might be due to the ine¤cient aeration of the pulse-labelled sample, probably resulting in the induction of host-speci¢c proteases.
Two lines of evidence are presented which reveal that prePhoD was translocated through the cytoplasmic membrane without subsequent processing. First, the proteolytic breakdown products were localised in the culture supernatant. Since it is unlikely that the degraded PhoD polypeptides passed the membrane, proteolysis of PhoD took place after translocation of the protein. Based on the data obtained, it was impossible to determine whether the precursor or the mature PhoD was proteolytically degraded. Second, using ultrathin sections and the replica technique PhoD was detected at the outer surface of the B. subtilis cell. As shown in the immunoblot, the majority of the cell-bound protein was formed by the pre-protein. Since we could demonstrate that prePhoD was enzymatically active, we currently suggest that the B. subtilis cell maintains its phosphate-star-vation-induced activity of PhoD in the extracytosolic space of the cell by ine¤cient processing of the preprotein. The signal peptide of the protein would act as a membrane anchor.
Some of the protein was found in the septum and even the preseptum. It is known that B. subtilis cells cultivated in medium depleted of inorganic phosphate initiate sporulation [35] . Asymmetric localisation of the preseptum (Fig. 5C ) revealed that the sporulation-initiated preseptum might be a target site of PhoD. This observation probably indicates that protein transport occurs in the intracellular space and that the preseptum already speci¢es translocation competence.
